It is generally accepted that the composition of the medium exerts an important influence on the action of antibacterial substances on microorgani. Many workers have succeeded in paralyzing the effect of antibacterials by the addition to the media of substances such as organ extracts, peptone, and bacterial extracts. Thus, Mcllwain (1941) The asumption that the activity of these substances is associated with the presence of antagonists served as a starting point for the isolation and determination by Woods (1940) of para-aminobenzoic acid as the antagonist of sulfonamides.
The asumption that the activity of these substances is associated with the presence of antagonists served as a starting point for the isolation and determination by Woods (1940) of para-aminobenzoic acid as the antagonist of sulfonamides.
In a preliminary paper (1944) we reported the antagonistic effect of peptone, meat extract, yeast extract, and particularly of nucleotides against the antibacterial activity of aromatic diamidines. Since then Snell (1944) has reported on the antagonistic effect of some polyamines against the antibacterial action of propamidine on lactobacilli. The mechanism of the action of nucleotides against the antibacterial action of diamidines is the subject of the present study.
EXPERIMENTAL
In our in vitro experiments with E. coli and Staphylococcus aureus we followed the technique described by us in a previous communication. The present experiments were carried out with the drugs formerly found to be the most active, stilbamidine and pentamidine. With antibacterial effect of diamidines to a remarkable degree. The effect of pentamidine on S. aureus was not markedly reduced by any of the antagonists, but the inhibition of the effect of the same drug on E. coli was well marked. The effect of stilbamidine on both microorganisms was antagonized to nearly equal degrees by the different substances.
Antagonistic action of substances of similar structure. In view of the fact that the antibacterials contained the amidine group, we attempted to learn whether other compounds which contain a similar structure are able to inhibit antibacterials. Guanidine, arginine, creatine, and creatinine were tested and found to be inactive. Antagonistic action of amino acids. The following amino acid concentrations were also found to be inactive: glycine, 1.0 per cent; dl-alanine, 0.5 per cent; Antagonistic action of nucleic acid. Hawking and Smiles (1941) studying the distribution of stilbamidine in trypanosomes found that this fluorescent substance tends to concentrate in the blepharoplast and in certain plasma granules. Adler and Tchernomoretz (1940) noted that, after treatment of certain babesia infections with stilbamidine, the first signs of degeneration occur in the nuclei of the parasites. This observation led to the assumption that the drug may be concentrated in a structure rich in nucleic acids.
These employed. But the concentrations required to inhibit the effect of pentamidine are higher than those required for the inhibition of the stilbamidine. When employed against S. aureus, stilbamidine is inhibited by sodium nucleate, whereas pentamidine is so inhibited only in its lowest effective concentrations, and even in this zone high concentrations of sodium nucleate are required. Nucleic acids of the desoxyribonucleic type behaved similarly.
Antagonistic action of accessory growth substances. In order to exclude the possible effect of the contamination of nucleotides of natural origin with minimal quantities of accessory growth substances, we examined the antagonistic effects of a series of well-known growth promoters in molar concentration ranging from 1 X 10-' to I X 10-2. The following substances were tried and found to be inactive as antagonists of diamidines: thiamine, riboflavin, niacin, choline, pimelic acid, calcium pantothenate, biotin, pyridoxine, para-aminobenzoic acid, and inositol.
Antagonistic action of the constituents of nucleic acid. In order to determine whether the antidiamidine effect is ascribable to the nucleic acid molecule as a whole or to its component parts, we examined the antagonistic action of the constituents of the polynucleotide. Of the purine and pyrimidine bases we examined adenine, guanine, xanthine, hypoxanthine, and uracil. These substances, which are soluble with difficulty in water, were examined in varying dilutions of saturated solutions. All of them proved to be inactive.
Of the nucleosides we examined adenosine and guanosine in concentrations up to 5 per cent. Both substances proved to be inactive. On the other hand, the mononucleotides, adenylic and guanylic acid, showed a certain activity (figure 3), which was, however, far from that of the polynucleotide, the active concentration of which by weight was 15 to 20 times lower. Mixtures of the two mononucleotides were no more effective than was each mononucleotide taken separately.
These different degrees of activity are evidenced not only in differences of active concentrations but also in velocities of action. In the case of the inhibition of diamidines by polynucleotides bacterial growth appeared as early as 24 hours after inoculation, whereas in the case of mononucleotides growth in the corresponding diamidine dilutions occurred only after 2 to 3 days. Snell (1944) appeared on the antagonistic activity of certain polyamines against the antibacterial action of atabrine, quinine, and propamidine. Comparative experiments were therefore undertaken to determine whether differences exist in the mode of action of these different groups of antagonists.
Spermine and spermidine phosphate (Hoffmann-La Roche) and the synthetic polyamines, diethylene triamine (DT), triethylene tetra-amine (TT), and tetraethylene penta-amine (TP) from the Carbon and Carbide Chemical Company, were employed. It was found that spermine and spermidine, in concentrations of 5 X 10-molar, inhibit bacterial growth, and that in lower concentrations 1948]8LEAH BICHOW5KY-SLOMNITZKI they exert no antagonistic effect. On the other hand, the synthetic products (DT, TT, and TP) had no antibacterial effect even if employed in a 1 X 10' molar concentration, and in molar concentrations between 1 X 10-1 and 1 X 10-2 they had an antagonistic effect.
There is a certain correlation between antagonistic activity and length of the hydrocarbon chain of the polyain e. The most active compound was TT. Comparing the effects of the synthetic polyamine and of the nucleic acids, we find that the former act only in the narrow zone of the lowest inhibiting diamidine concentration, whereas the latter also act in multiple antibacterial concentrations.
Antagonism of nucleic d against the antibacterial action of spermine and spermidine on E. coli. In the following experiment we tried to inhibit the antibacterial action of spermine and spermidine with nucleic acids. The results are summarized in table 3. Table 3 shows that a 0.05 per cent concentration of nucleic acid is sufficient to paralyze the effect of either of the natural polyamines, spermine and spermidine.
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Our observations on the antagonistic effect of nucleic acids against the antibacterial action of diamidines resemble, in many respects, those of Fildes (1940) on mercuric compounds. In both cases antibacterial activity was inhibited by direct chemical inactivation. It seems that a direct chemical reaction between nucleic acids and the diamidine led to the formation of insoluble complex compounds. It may be that diamidines that have passed through the cell wall also react primarily with cellular constituents composed chiefly of nucleotides, thereby interfering with the vital functions of these cell constituents. The addition of such metabolites to the medium should enable the cell to restore its normal functions. The assumption that extracellular inactivation of diamidine occurred before it had succeeded in entering the cell was at variance with the experimental results, since even after 24-hour contact between the bacterial cell and the antibacterial drug it was possible to inhibit the action of the antibacterial by the addition of nucleic acids. This fact does not preclude the possibility that even after contact between the receptive constituents of the bacterial cell and the antibacterial the presence of an anionic compound in excess may change the chemical or adsorptive equilibrium between the bacterial cell and the antibacterial.
The main question is whether this antagonism between the diamidine and the nucleic acid is a specific one or whether the phenomenon under discussion is the result of a nonspecific ionic exchange between two competing substances. A nonspecific competitive ion exchange would be indicated if the action of a toxic cationic compound, which exerts an affinity for some anionic constituents of the cell, is inhibited by the addition of nontoxic anion competing with these critical points in the cell for the toxic substance without fulfilling any function in the cell metabolism. The mononucleotides (adenylic and guanylic acids) also form insoluble complexes with diamidines in vitro in suitable concentrations. However, their antagonizing activities are not comparable with those of the polynucleotides, since more than 20 times higher concentrations of the mononucleotides are required to yield an effect similar to that of the polynucleotides, and the activity of the former is expressed by a delayed bacterial growth which appears only after 2 to 3 days.
These facts lead us to assume that the role played by the polynucleotides is specific and is, furthermore, not bound to the intact molecule but to the sum of its constituents, since equal effects were obtained with intact or with hydrolyzed products. It seems that the nucleic acids or their constituents play a specific role in bacterial metabolism and that their presence helps the bacterial cell to overcome the damage caused by the antibacterials.
The concentrations required for this protective effect, although they are rather high, are of the same order of magnitude as those of nucleic acids in the bacterial cell. Thus, Thompson and Dubos (1938) found 2 to 5 per cent of nucleic acid in the dried substance of pneumococci, and Johnson and Coghill (1925) found 0.42 per cent in Mycobacterium tuberculosis. The antagonism of nucleic acid against the antibacterial action of the diamidines is exerted through a long range 0LEAH BICHOWBKY-SLOMNITZKI of concentratiom of both these substances, and the ratio of the concentration of nucleic acid required to inhibit a given concentration of the antibacterial remains constant. Only in the case of pentamidine activity on S. aureus did we succeed in abolishing its action in a narrow zone of the lowest inhibiting concentrations (1 X 10' to 4 X 10-9), and this was accomplished only with relatively high concentrations of nucleic acid (1 to 2 per cent). Pentamidine may possess a strong affinity for the nucleotide centers of the cell of S. aureus, and large amounts of nucleic acid may therefore be needed to overcome this affinity. But it is not excluded that centers other than nucleotides may also be attacked by pentamidine and that this additional action may not be antagonized by nucleic acids.
The observation of Kopac (1946) on the dissociation of protamine nucleate complexes by stilbamidine supports this assumption and may serve as a new. starting point for further investigation on the mode of action of diamidine on nuclear structures. The observation of Hawking and Smiles (1941) on the affinity of stilbamidine for the blepharoplasts of trypanosomes, and for certain granular constituents of the plasma, and the observation by Adler and Tchernomoretz (1940) that diamidines primarily attack the nuclei of babesia further support our assumption.
We are led to assume that quite a different mechanism of action exists in the antagonism between diamidines and polyamines. In this case both substances are cationic in nature and are somewhat similar in structure. The existence of a competitive cationic exchange, as proposed by Valko and Du Bois (1944) , seems to provide us with an adequate explanation. The problem is whether the phenomenon under discussion is a specific one and whether the polyamines or certain substances of similar chemical structure play a specific role in bacterial metabolism, as asumed by Silvermann and Evans (1944) , or whether the phenomenon is nonspecific (Elson, 1945) Guanidine, arginine, creatine, creatinine, and other amino acids, and the vitaof the B group exerted no such effect. The antidiamidine effect of the nucleic acids was observed through a wide range of concentrations of the antibacterial substances. Hydrolyzed nucleic acids exerted the same effect as the untreated products. The activity of the mononucleotides (adenylic and guanylic acid) was about one-twentieth that of the polynucleotides. Among the nucleosides guanosine and adenosine were examined. These substances, as well as the purine bases, were devoid of any activity.
The natural polyamies (spermine and spermidine) in high concentrations themselves exerted an antibacterial effect, and in low concentrations they had an antidiamidine effect. The synthetic products, diethylenetriamine, triethylenetetra-amine, and tetraethylenepentamine, exerted an antidiamidine effect against the highest dilutions of the antibacterial substances.
The mechanism of the antidiamidine activity is discussed. It is assumed that the diamidines cause metabolic disturbances of the cell nucleotides by fixation of nuclear substances. The antagonism of the polyamines seems to be associated with their competition for the same cellular substance.
